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Fourier transform ion cyclotron resonance (FTICR) mass spectrometry has become a widely
used method to study biopolymers. The method, in combination with an electrospray
ionization (ESI) source has demonstrated the highest resolution and accuracy yet achieved for
characterization of biomolecules and their noncovalent complexes. The most common design
for the ESI interface includes a heated capillary inlet followed by a skimmer having a small
orifice to limit gas conductance between a higher pressure (1 to 5 torr) source region and the
lower pressure ion guide. The ion losses in the capillary–skimmer interface are large
(estimated to be more than 90%) and thus reduce achievable sensitivity. In this work, we report
on the initial implementation of a newly developed electrodynamic ion funnel in a 3.5 tesla
ESI-FTICR mass spectrometer. The initial results show dramatically improved ion transmis-
sion as compared to the conventional capillary–skimmer arrangement. An estimated detection
limit of 30 zeptomoles (;18,000 molecules) has been achieved for the analysis of the proteins
with molecular weights ranging from 8 to 20 kDa. (J Am Soc Mass Spectrom 2000, 11,
19–23) © 2000 American Society for Mass Spectrometry
The recent reports on the new electrodynamic “ionfunnel” have demonstrated a substantial im-provement in electrospray ion source efficiency
in the intermediate (1 to 10 torr) pressure region of the
mass spectrometer’s interface [1–3]. An rf field applied
to the funnel electrodes creates an effective potential
which confines ions radially in the presence of a buffer
gas, whereas a dc axial electric field gradient moves the
ions toward the exit electrode. Ion losses in the interface
region occur because of the space charge driven radial
expansion of the ion plume from the inlet capillary and
the practical limitations imposed by the relatively small
fraction of gas that can be tolerated by subsequent
pumping stages. The ion funnel enhances ion accep-
tance due to a large input aperture and focuses the ions
effectively at the exit (the location of the conductance
limit). In addition, the greater distance of the heated
capillary inlet (at the front of the funnel) from the
conductance limit decreases the gas load to the multi-
pole ion guide positioned downstream of the funnel
compared to the gas flow with a skimmer located
within the Mach disk from the heated capillary inlet. As
a result, under the same pressure conditions the aper-
ture of the exit electrode of the funnel can be signifi-
cantly larger than the skimmer orifice. These features
make the ion funnel an attractive alternative to the
conventional capillary–skimmer arrangement.
In this work we report initial results for 3.5 tesla
Fourier transform ion cyclotron resonance (FTICR)
mass spectrometer performance, which has an electro-
spray ionization (ESI) interface equipped with an ion
funnel, including: (i) the efficiency of ion transmission
through the funnel to the collision quadrupole; (ii) the
overall ion transmission to the FTICR trap; and (iii) the
detection limit of the mass spectrometer.
Experimental
The FTICR mass spectrometer is based on the vacuum
system designed for use with both 3.5 and 11.5 tesla
superconducting magnets [4]. The 3.5 tesla unshielded
solenoid magnet (Oxford Instruments, UK) used in this
work has a 28-cm diameter, horizontal room tempera-
ture bore. The mass spectrometer comprises the ESI
source and interface with the ion funnel, two rf quad-
rupoles, an electrostatic ion guide, and a cylindrical
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dual trap. Each trap is 8 cm in diameter and length. The
vacuum system consists of six stages of differential
pumping which gradually decrease the pressure from
atmospheric to ultrahigh vacuum in the region of the
FTICR trap. The spectrometer utilizes a commercial
data station and auxiliary electronics to control opera-
tion of the source and the ion guide [4]. The ESI source
and interface arrangement, shown schematically in Fig-
ure 1, consist of two differentially pumped stages. An
ESI emitter voltage of 12 kV was applied to produce
positive ions. The resistively heated stainless steel inlet
capillary used for droplet desolvation was heated to
;120 °C and typically biased at 1200 to 300 V. The ion
funnel consists of 100 electrodes of 0.5 mm thickness
with the first 55 electrodes having an aperture of 2.54
cm i.d., whereas the apertures of the following 45
electrodes decrease sequentially to 0.25 cm i.d. at the
exit. The total length of the ion funnel is 10 cm. The rf
voltage applied to the funnel electrodes was decoupled
from that provided by a dc-voltage power supply
(Spectrum Solutions, USA) through an RC circuit. The
axial gradient of the dc voltage through the funnel was
from ;300 V at the entrance electrode to ;50 V at the
exit electrode. The first stage, which incorporates the
funnel, is evacuated by a 43 L/s roots pump (Leybold
AG, Cologne, Germany) to ;1 to 3 torr. The ions
transmitted through the exit electrode to the next stage
are collisionally focused by a 15-cm quadrupole ion
guide (0.9525-cm rod diameter) operated in rf-only
mode (typically 300 Vp-p at 400 kHz) at a pressure of
0.23 torr and pumped using a 18-L/s mechanical pump
(Leybold AG, Cologne, Germany). dc offset potentials
of 130 to 140 V were typically applied to the quadru-
pole rods to assist transmission of efficient ions through
the conductance limit between the quadrupoles. The
conductance limit was biased at 110 to 115 V. The
second quadrupole ion guide transmits the ions
through the third pumping stage maintained at the
pressure of ;5 3 1025 torr (in most experiments both
quadrupoles were driven by the same rf power supply).
(However, we found that due to different pressure
conditions it is advantageous to drive the quadrupoles
separately to enhance the ion transmission to the elec-
trostatic ion guide.) The electrostatic ion guide in the
high vacuum region of the mass spectrometer has been
previously described [4]. Based on SIMION 6.0 simula-
tions, the electrostatic ion guide was modified and then
aligned with the use of a He–Ne laser. A pressure of 8 3
10210 to 2 3 1029 torr was maintained in the FTICR ion
trap region.
The protein samples were dissolved in water:meth-
anol:acetic acid solution (49:49:2 v%) at different con-
centrations in the range of 0.1 mg/mL to 5 ng/mL (the
lowest concentration was 0.4 nM for horse cytochrome
c). The solutions were infused into the ESI source at the
flow rates of 50 to 200 nL/min controlled by a syringe
pump from Harvard Apparatus (South Natick, MA).
Results and Discussion
Sensitivity is a characteristic of a mass spectrometer
analyzer that more than anything else dictates what is
feasible and what is impractical. The primary limitation
upon achievable sensitivity with high pressure ioniza-
tion methods, such as ESI, is the need to separate ions
from neutral gas molecules for efficient introduction to
the mass spectrometer. Previous studies with the elec-
trodynamic ion funnel have shown that the active
focusing effect provided can greatly enhance ion trans-
mission and that the magnitude of the gain is a function
of both the quality of the conventional interface and the
specific characteristics of the analyte solution being
used. In this work, the ion transmission was measured
as a ratio of the ion current passed through the funnel to
the total ion current introduced by the ESI capillary
inlet. Because nontransmitted, low m/z species and
small droplets, or droplet “residues” (at very high m/z)
introduced through the heated capillary may contribute
to that total current, the reported transmission effi-
ciency is underestimated compared with the actual
transmission for analyte ions. Ion currents of up to 4 nA
were measured on the rods of the collisional focusing
quadrupole positioned downstream of the ion funnel,
whereas 5 to 6 nA total current was introduced through
the inlet capillary (as measured on the ion funnel
electrodes). The indicated ion funnel overall transmis-
sion of 60% to 80% compares favorably to that of a
skimmer (8% to 10%). However, in work reported
elsewhere we have shown that ion transmission
through the ion funnel is close to 100% for the m/z range
of analytical interest to ESI [3]. Because the measured 4
nA ion current excludes the very low (e.g., solvent
related) and very high (droplet residue) m/z compo-
nents that contribute to the current introduced by the
conventional skimmer-based interface, the comparable
portion of the total ion current for this configuration
provides a more valid comparison. (A simple compar-
Figure 1. A schematic of the ESI ion source interface, which
incorporates the electrodynamic ion funnel. The rf voltage of 100
to 200 Vp-p is applied to the funnel electrodes through an RC
circuit board (not shown). The electrodes of the funnel are
connected with each other through 500 kV resistors. Voltages
applied to the entrance and exit electrodes of the funnel create a dc
field gradient, which assists ion transmission.
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ison of ion current transmitted through the ion funnel
and that transmitted through a skimmer will always
understate the actual performance gain provided by the
ion funnel due to the additional very low and high m/z
components in the latter case.) We obtained no more
than 400 pA of the total ion current at the collisional
quadrupole region when using a conventional skimmer
interface having a 0.1-cm i.d. orifice. Using a wider
orifice can also increase the ion current through the
skimmer. However, with the present design the gas
load on the next pumping stage would exceed the
capabilities of the existing pumping systems and also
degrade the performance of the ion guides further
downstream. Thus, the actual gain in useful ion current
realized by the introduction of the electrodynamic ion
funnel amounts to a factor of ;15 for the present
instrumentation.
The ion funnel transmission as a function of the
introduced current is shown in Figure 2. It is seen that
the funnel transmission is virtually independent of the
ion current within the range of 30 to 5000 pA, i.e., the
ion funnel is robust to the increase in the space charge.
We also found that the funnel performs similarly in the
m/z range from 89 to 3000 when we electrosprayed
solutions of different biomolecules from light amino
acids (such as alanine) to higher molecular weight
proteins (bovine albumin). The rf amplitude and fre-
quency primarily define the transmission efficiency of
the funnel, as shown in Figure 3. The transmitted ion
current of the funnel reaches effective saturation upon
increasing the rf amplitude at a specific rf frequency
and will again decrease at somewhat higher amplitudes
as the lower m/z component of the transmitted ions
become unstable. It is noteworthy that an increase in the
rf frequency shifts the saturation threshold to higher rf
amplitudes in accord with expectations based upon the
effective potential treatment [5].
The gains in the ion transmission through the higher
pressure regions of the ESI interface translate into
significantly higher ion currents entering the FTICR
trap and, therefore, gains in mass spectrometer sensi-
tivity. With the ion funnel incorporated in the ESI
source the ion current passing through the FTICR trap
increased to 750 pA (measured at the rear trapping
plate). The higher ion current in the FTICR trap pro-
vides not only sensitivity gains, but also improves the
analytical capabilities of the mass spectrometer and
allows smaller amounts of sample to be detected using
shorter trapping times. As an example, a high-quality
mass spectrum of bovine serum albumin (0.1 mg/mL
concentration) is presented in Figure 4. The ion current
passing through the trap was in the range from 350 to
400 pA and the demonstrated signal-to-noise ratio for
the charge state distribution was routinely achievable in
a single scan. Due to the greater ion transmission we
found that steps were required to avoid phase locking
effects on the isotopic envelopes [6] since the trap
Figure 2. The dependence of the ion transmission efficiency
through the electrodynamic ion funnel on the total ion current
introduced via the inlet capillary. Note that the actual efficiency
for the analyte ions is even higher because the current entering the
ion funnel contains low m/z, solvent related species, as well as
high m/z droplet “residue” which are not transmitted through the
funnel.
Figure 3. RF amplitude-frequency characteristics of the ion fun-
nel. The solution of cytochrome c of 0.1 mg/mL concentration was
electrosprayed at the flow rate of 200 nL/min.
Figure 4. ESI FTICR mass spectrum for bovine serum albumin.
The much greater ion current transmitted to the FTICR trap region
(450 pA) results in higher signal-to-noise ratio spectra than achiev-
able with the previous skimmer based interface arrangement [4].
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capacity was quickly “saturated.” Figure 5 shows a
typical FTICR spectrum from bovine myoglobin (sam-
ple concentration 0.1 mg/mL, syringe flow rate 200
nL/min, 0.2 s ion accumulation time). Each charge state
displays only one peak, as all the isotopic ions in the
envelope are phase locked. This phase locking could
obviously be avoided by trapping fewer ions and
tolerating a reduced signal-to-noise ratio. The use of a
larger trap size and a higher magnetic field would also
allow greater ion populations before such phase locking
effects occur.
The achieved sensitivity with the ion funnel was
manifested by greatly improved detection limits. We
define here the detection limit as the amount of sample
to be consumed from solution, which is necessary to
obtain a mass spectrum with a signal-to-noise ratio of
2:1 [7]. The detection limit is determined by the ioniza-
tion efficiency, the overall ion transmission from the ESI
tip to the FTICR trap (e.g., ion transmission through the
whole instrument), the efficiency of ion trapping during
buffer gas injection, and the efficiency of ion detection.
Figure 6 shows the mass spectrum obtained for horse
cyctochrome c [M 1 15H]151 ions electrosprayed from
solution at a concentration of 0.4 nM. This spectrum
was obtained for a trapping event of 0.2 s and a flow
rate of 100 nL/min. The spectrum exhibits approxi-
mately 10:1 signal-to-noise ratio. Based on the sample
consumption, we estimate the detection limit to be
approximately 30 zmol (3 3 10220 mol, or ;18,000
molecules). This sensitivity is limited in the present
instrumental arrangement by the capability for using
higher pressure during accumulation (currently, up to
;1026 torr) and ultimately the pumping speed of a
cryopanel used to evacuate the ultrahigh vacuum re-
gion. The use of a lower ESI flow rate might be expected
to further improve detection limits [8].
Conclusions
The preliminary results using a new electrodynamic ion
funnel have demonstrated a significant improvement
for ion transmission through the higher pressure re-
gions of the ESI source and a corresponding increase in
the overall sensitivity of the FTICR mass spectrometer.
It has been shown that the ion funnel operates effi-
ciently over a wide m/z range of practical interest for
ESI-MS. Assuming that the small residue droplets or
non-analyte ions (or ion clusters) represent a portion of
the ion current entering the funnel, we estimate the ion
transmission through the funnel close to 100% for the
analyte ions, consistent with other efforts using quad-
rupole instrumentation [3].
In the present work we have achieved an estimated
detection limit of ;30 zmol based upon sample con-
sumption. Further improvement of the detection limits
will require increased ion trapping efficiency, reduced
losses in the atmospheric pressure/ion inlet region, the
use of lower ESI flow rates (e.g., “nanospray”), and the
use of lower noise detection circuitry. We believe that
the combination of these steps has the potential to move
detection limits in ESI-FTICR to the zeptomole level and
below, and we are currently moving in this direction. If
such sensitivity were realized, a number of important
new biological applications of ESI-FTICR would be-
come feasible (e.g., proteome analysis at the single cell
level).
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Figure 5. The effect of larger ion currents (e.g., very large
trapped ion populations) on the FTICR mass spectrum obtained
for cytochrome c. Each individual charge state behaves like a
single m/z ion population and is manifested by a long-lasting time
domain spectrum (b). The ion current transmitted to the FTICR
trap region for myoglobin (at 0.1 mg/mL concentration) was 600
pA. Because of the large number of trapped ions, “phase locking”
prevented detection of the isotopic envelope and only a single
intense peak was observed for each charge state (c).
Figure 6. ESI spectrum for a 0.4 nM solution of horse cytochrome
c. The solution was electrosprayed at a flow rate of 100 nL/min.
The spectrum was acquired after ion accumulation for 0.2 s. Based
on the total sample consumed from the solution during accumu-
lation and the measured signal-to-noise ratio, the estimated detec-
tion limit is ;30 zmol.
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